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The inhibition of bovine liver dihydrofolate reductase by tricyclic antidepressant
drugs

(Received 24 September 1984; accepted 11 February 1985)

The inhibition of dihydrofolate reductase (5,6,7,8-tetrahy-
drofolate NADP oxidoreductase EC 1.5.1.3) by folic acid
analogues has been well documented [1, 2]. The tricyclic
anti-depressant drugs possess little structural similarity to
these folate-analogue inhibitors and would not be expected
to inhibit dihydrofolate reductase. The present study, how-
ever, reports significant inhibition of the bovine liver
enzyme by such drugs. Six tricyclic drugs were studied;
amitriptyline, butriptyline, desmethylnortriptyline, imi-
pramine, nortriptyline and protriptyline.

Materials and methods

Materials. Folic acid and bovine liver dihydrofolate
reductase were purchased from Sigma Chemical Co. Ltd.
(Poole, Dorset, U.K.). Concentrated hydrochloric acid was
from Fisons Scientific Apparatus (Loughborough,
Leicestershire). Reduced NADP was obtained from Cam-
brian Chemicals (Croydon, U.K.). All other chemicals
were from British Drug Houses Chemicals Ltd. (Poole,
Dorset, U.K.). All reagents were of the highest grade or
purity available.

Synthesis of dihydrofolate. The method employed was
that of Wilmanns [3] and involved reduction of folic acid
in the presence of ascorbic acid and sodium dithionite.
The unstable dihydrofolate was synthesised prior to each
experiment. The crystals obtained were suspended in 5 mM
hydrochloric acid and kept in the dark at 0°. Concentrations
of dihydrofolate were determined using the published
molar absorbance coefficient of a solution of dihydrofolate
in 10 mM potassium hydroxide (=22 x 10°1/mole/cm at
283 nm).

Enzyme assays. The method used was based on that of
Wilmanns [3]. In a final reaction volume of 0.5ml the
following components were present: citrate buffer (0.1M
pH 5.4), 2-mercaptoethanol (12.5 mM), NADPH (varied
in five stages from 0.04 to 1 mM), dihydrofolate (DHF)
(varied in five stages from 1.4 to 34.7mM) and dih-
ydrofolate reductase (13 mIU/ml). Where appropriate,
the tricyclic drug under investigation was present in the
final reaction mixture at four concentration levels in the
range of 4-200 uM. In a control experiment the inhibition
of the enzyme by methotrexate (amethopterin, 4-amino-
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N'%methylfolic acid) was investigated under the same reac-
tion conditions. The methotrexate was present in a final
reaction concentration in the range 0.2-20 nM.

All reactions were initiated by the addition of the enzyme
to an otherwise complete reaction mixture. Absorbance
measurements at 340 nm were taken automatically every
10 sec during the first minute of the reaction using a Cecil
CE 292 Digital Spectrophotometer fitted with micro-sipette
and digital printer. All reactions were carried out in duplic-
ate at 30° and the mean of the duplicate observation was
taken to be a measure of the initial velocity (v;) of the
reaction.

Treatment of results. All results were examined by both
manual and computer methods. The manual determination
of the kinetic constants involved the plotting of 1/v; against
reciprocal substrate concentration in the manner of
Lineweaver and Burk {4]. The computer program employed
was the Fortran program described by Cornish-Bowden
and Endreny [5] which is a robust weighted regression
program for fitting equations to kinetic enzyme data which
requires minimal assumptions about the error structure of
that data. The dependence of the variances on the velocities
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is not assumed but is deduced from internal evidence in the
data itself.

Results and discussion

Table 1 shows the inhibition constants (K; calculated
for the tricyclic drugs examined. For methotrexate the K;
values were less than 25 nM when NADPH and DHF were
varied. The investigation revealed inhibition of bovine liver
dihydrofolate reductase by five of the six tricyclic drugs
examined. Butriptyline did not cause significant inhibition
at 200 uM. Nortriptyline was the most potent inhibitor with
a K; of 45 uM (NADPH varied) and 70 uM (dihydrofolate
varied). Thus small changes in the structure cause con-
siderable variation in K;.

A common structural feature of these drugs is a side
chain of three carbon atoms linked to a nitrogen. This can
be compared to the C(7)-C(6)-C(9)-N(10) portion of folic
acid. In the case of nortriptyline, protriptyline and amitrip-
tyline the methyl groups attached to the nitrogen could aid
binding whereas desmethylnortriptyline lacks any group
comparable to the benzoic acid group in folic acid. With
butriptyline the additional methyl group on the side chain

Table 1. The inhibition of dihydrofolate reductase by tricyclic drugs

K; Valuest (uM)

Structure NADPH DHF
Drug of side chain Varied Varied
N/
]
Nortriptyline éH——CHz—CHz—NH—CH3 45 (%15) 70(=17)
A4
i
Protriptyline® CH,—CH,—CH,—NH—CH, 61 (x11) 86 (+23)
N S
]
Amitriptyline éH—CHz—CHZ—N (CH,), 146 (+28) 52(+24.4)
ANV
i
Desmethylnortriptyline éH—CHZ—CHZ——NHz 249 (£109) 240 (=101)
N/
i T
Imipramine CH~—CH—CH,—N 646 (+£313) 330(=132)
CH,
N S
C
| No No
Butriptyline C inhibition inhibition

CH,

HZ—ICH—CHZ——N(CH3)2

* Protriptyline has a double bond in the ring between carbon atoms 5 and 6.

+ Standard deviations shown in parentheses.

BP 34:12-K
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could cause the reduced binding. In imipramine a ring
nitrogen replaces the carbon found in amitriptyline and a
double bond, which is present in folic acid, is lost. These
changes could account for the increase in K; values.

Thus a new class of compounds, the tricyclic anti-
depressant drugs, cause significant inhibition of di-
hydrofolate reductase. In considering the practical impli-
cations of this finding it should be borne in mind that the
K; values are more than 1000-fold greater than that for
methotrexate while the therapeutic blood levels used for
the tricyclic drugs are about 100-fold lower than those used
for methotrexate. Nevertheless, it is possible that long term
treatment with the tricyclic antidepressant drugs could lead
to their accumulation in tissues—the consequences of this
in terms of exacerbation of folate deficiency require further
consideration.
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Characterization of the interactions of gallamine with muscarinic receptors from
brain

(Received 15 September 1984; accepted 8 November 1984)

A previous report by Ellis and Hoss [1] demonstrated that
gallamine inhibits the binding of the potent and specific
muscarinic antagonist quinuclidinyl benzilate (QNB).
Although other studies have found gailamine to be an
antagonist in muscarinic systems [2-5], the binding proper-
ties of gallamine were shown to be similar to those of
muscarinic agonists. That is, the occupancy curve for gal-
lamine is better suited to a model of two populations of
receptors than to a one-site model and it possesses greater
overall affinity toward brainstem receptors than toward
those of the forebrain [1]. Recently, Stockton et al. [6]
reported that gallamine regulates muscarinic receptors by
an allosteric mechanism. The possibility was therefore
raised that the heterogeneity detected by gallamine in the
earlier study might have been artifactual, due to the
assumption of an incorrect mechanism of action. However,
it is difficult to account for all of the previous findings of
Ellis and Hoss by a noncompetitive mechanism, especially
that the elimination of receptors with low affinity for the
agonist carbachol results in a loss of receptors with low
affinity for gallamine [1]. The present study was undertaken
in an attempt to reconcile these apparently discrepant
reports and to further evaluate the mechanism(s) by which
gallamine interacts with muscarinic receptors.

Tritiated L-QNB (32.2 Ci/mmole) and [*H]N-methyl-
scopolamine (NMS, 84.8 Ci/mmole) were obtained from
the New England Nuclear Corp. (Boston, MA). Gallamine
triethiodide was obtained from K & K Laboratories
(Plainsview, NY). Neural membranes were prepared from
the forebrains of male Sprague-Dawley rats as described
previously {1] and stored frozen at —70° until used. The
term forebrain denotes the portion of the brain anterior to
the diencephalon, plus overlying cortical and hippocampal
tissue. Binding assays were conducted at 25° in 40 mM
sodium—potassium phosphate buffer (except where other-
wise indicated), pH 7.2, and were terminated by filtration

through GF/B glass fiber filters (Brandel, Gaithersburg,
MD). In all cases, nonspecific binding was determined by
the inclusion of 1 uM unlabeled QNB with the labeled
ligand. Under conditions of low ionic strength, high con-
centrations of gallamine were found to decrease the non-
specific binding of [*H]QNB. Therefore, nonspecific bind-
ing was determined for each concentration of gallamine by
including 1 uM unlabeled QNB with the labeled QNB and
gallamine in a separate set of assay tubes.

The results of experiments which employed [PH]NMS
(Figs. 1A and 2A) were consistent with the report by
Stockton et al. [6]. Both the association and dissociation
Kinetics were dramatically slowed by the presence of gal-
lamine. Separate studies (data not shown) found the half-
maximal effect on the off-rate of [*HJNMS to occur at
30 uM gallamine. However, when similar studies were car-
ried out with [*H]QNB (Figs. 1B, 1C, and 2B), no allosteric
effects were noted. Even at 100 uM, gallamine failed to
significantly alter the rate of association of {*’HJQNB or the
rate of dissociation of previously bound [*H]JONB.

The next question that we wished to address was whether
the muscarinic sites that appear to possess different affin-
ities for gallamine are separate and non-interconvertible.
One approach to this question is to selectively block the
low-affinity sites with an irreversible or slowly reversible
antagonist (e.g. QNB), as has been done in the past for the
sites that are differentiated by the muscarinic agonists [1,
8, 9]. Initial studies (Fig. 3) found that the different sites
expressed the most widely disparate affinities for gallamine
under conditions of low ionic strength. Such conditions
were therefore chosen for the protection experiments.
Forebrain membranes were preincubated in the presence
of unlabeled QNB and a concentration of gallamine that
would compete efficiently only at gallamine’s high-affinity
sites. Extensive washing then removed bound and unbound
gallamine and unbound QNB; more than 90% of the bound



